KR. Sustained hypoxia promotes the development of a pulmonary artery-specific chronic inflammatory microenvironment.
that circulating inflammatory and/or progenitor cells contribute significantly to the remodeling process (1, 6, 9, 13, 28, 32, 33, 35, 44, 45, 49, 54) . In fact, recent studies describe inflammation as a characteristic feature of many, if not all, forms of PH in both humans and animal models (9, 13, 32, 44, 45, 49, 54) and report that inflammatory cell accumulation and retention is often greatest in pulmonary perivascular regions, where remodeling is also often prominent (9, 13, 54) . The importance of inflammatory cells in the remodeling process is further supported by studies in which generalized anti-inflammatory strategies inhibited the remodeling (6) as well as by experiments where in vivo depletion of a specific pool of circulating leukocytes markedly abrogated perivascular fibrosis and remodeling (13) . Yet despite acknowledgement of the important role circulating inflammatory cells play in pulmonary vascular remodeling, little is known regarding factors that facilitate recruitment to and retention of these cells in the pulmonary vasculature.
Similar to chronic inflammatory diseases (e.g., neurodegenerative disease, obesity, asthma, rheumatoid arthritis), accumulating data demonstrate that inflammatory mediators and immune responses participate in the development and progression of systemic vascular diseases such as atherosclerosis (28) . Numerous mediators, interacting through complex networks, have been shown to participate in chronic inflammatory diseases, some of which have been likened to persistent "wounds," including chemokine/chemokine receptors, cytokines, adhesion molecules, matrix proteins, and proteinases (16, 28, 47) . Unfortunately, PH has not been extensively studied with regard to these signaling networks. Furthermore, most studies that have investigated mediators involved in PH-associated inflammation have used whole lung tissue extracts to examine the question. However, experimental evidence now strongly suggests that mRNA or protein levels in whole lung homogenates (or any other whole organ) do not accurately reflect specific changes in the vasculature (2, 11, 12, 14, 26, 33, 35, 42, 53, 63) . A few recent studies have examined PA-specific expression of proinflammatory factors in animal models of PH, however, these reports focused on only a single or limited number of mediators and did not characterize the complexity of the pulmonary vascular inflammatory microenvironment that appears essential for the accumulation and persistence of inflammatory cell infiltrates and the resultant structural remodeling (26, 33, 35) . The goal of the present study, therefore, was to perform a comprehensive analysis of the effects of sustained hypoxia on cytokine, chemokine, and adhesion molecule expression, specifically in the PA over time, and to compare their expression with expression patterns of the same genes in parenchymal lung tissue and systemic vessels.
Furthermore, we sought to characterize the nature of inflammatory cell infiltrates observed in the hypoxia-induced inflammatory environment.
To investigate these questions, we chose young (4-wk-old) Wistar-Kyoto rats as an animal model, since this strain develops very severe hypoxic PH, associated with prominent inflammatory cell infiltrates and marked vascular remodeling in both proximal and distal PAs (13) . To evaluate hypoxia-induced inflammatory changes in the PA, we chose to analyze mRNA levels of multiple chemokine/chemokine receptors, cytokines, adhesion molecules, and proinflammatory matrix proteins in vessels obtained via laser capture microdissection (LCM) at several time points during the development of PH. The choice of the genes for analysis was based on pilot data derived from Affymetrix array analysis of whole lung gene expression following 3 and 21 days of hypoxia in Wistar-Kyoto rats (see pilot results below) and previous reports demonstrating involvement of specific chemokine, cytokine, adhesion molecule, and matrix protein family members in initiating and sustaining chronic inflammatory diseases (28, 30, 47, 48) . We examined the PA specificity of the gene changes by analyzing the expression of many of the genes in microdissected PAs as well as in adjacent lung parenchyma and in systemic vessels (aorta and renal artery) of the same animals. Immunohistochemistry was used to determine the time course and nature of inflammatory cell recruitment and to confirm many of the hypoxia-induced changes in gene expression at the protein level. Finally, to gain further insights into mechanisms potentially involved in the recruitment and/or persistence of inflammatory cells in the hypoxic PA microenvironment, we evaluated the fate of inflammatory cells and the aforementioned mediators following return of the animals to normoxia, since remodeling is known to spontaneously regress (18, 20, 21) . This, we presumed, could shed light on the chemokines, cytokines, and adhesion molecules important in retaining inflammatory cells in the vessel wall.
MATERIALS AND METHODS

Animal Model and Tissue Samples
Three-week-old male Wistar-Kyoto rats were purchased from Charles River Laboratories (Wilmington, MA). Animals were housed at ambient altitude [Denver, CO; barometric pressure (P B) ϭ 640 mmHg] for 1 wk before being exposed to hypobaric hypoxia (P B ϭ 380 mmHg; hypoxic group) for the periods of 1 day (24 h), 7 days, and 28 days (n ϭ 7-10 per time point). Age-matched controls were kept at room air (normoxic group; n ϭ 6 -7). For the "spontaneous regression of PH" study, animals were exposed to hypobaric hypoxia for 28 days, after which they were returned to normoxic (room air) conditions for the periods of 2 days (48 h) and 56 days (8 wk) (n ϭ 3-7 per time point). At the end of the experiment, animals were anesthetized via intramuscular injection of ketamine (80 mg/kg) and xylazine (16 mg/kg), and right ventricle pressures were taken with the Cardiomax III cardiac output computer (Columbus Instruments, Columbus, OH). Lung tissue was embedded in optimum cutting temperature compound (OCT; Sakura Finetek, Torrance, CA) and frozen for LCM and immunofluorescent staining. Systemic arteries (aortic arch and renal arteries) obtained from four animals per time point were pooled together and placed in RNAlater for RNA isolation (Ambion, Austin, TX). All animal studies were approved by the Institutional Animal Care and Use Committee.
LCM and RNA Isolation
We used the Veritas Microdissection LCM instrument to selectively dissect PAs and perivascular lung parenchyma (Arcturus Engineering, Mountain View, CA). Tissue cryosections (20 m) were applied to PEN membrane slides (Arcturus Engineering), fixed in 70% ethanol (15 s at Ϫ20°C) followed by 100% acetone (5 min at Ϫ20°C), dehydrated in graded ethanol (30 s each) and xylene (10 min), and air-dried. The PA was dissected first, and then the perivascular lung parenchyma adjacent to the PA was dissected and placed on a separate cap. Samples from individual animals were collected and analyzed separately to allow for statistical analysis. Captured tissues were incubated in lysis buffer for 30 min at 42°C, and total RNA was extracted with the Qiagen RNeasy Micro Kit with DNase treatment (Qiagen, Valencia, CA). RNA was analyzed with the Agilent 2100 Bioanalyzer Pico Chip (Agilent Technologies, Palo Alto, CA). Only RNA samples with clearly defined 18S and 28S rRNA peaks were used for further analysis.
RNA Amplification and cDNA Synthesis
Amplified cDNA from LCM samples was generated from a minimum of 500 pg of RNA using the WT-Ovation Pico RNA Amplification System (NuGEN Technologies, San Carlos, CA). cDNA from systemic arteries was transcribed with the SuperScript III First-Strand Synthesis System (Invitrogen). cDNA yield was determined by measuring A260 on the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
Real-Time PCR
RT-PCR was performed on the 7300 Real-Time PCR System with Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). Custom oligonucleotide primers were designed using Primer3 software (sequences listed in Table 1 ; Ref. 43) . Cycling conditions were 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. A disassociation (melt) curve and a notemplate control were run for each sample to check for nonspecific product formation and reaction contamination. Genes were normalized to the housekeeping gene hypoxanthine-xanthine phosphoribosyl transferase (HPRT), and fold change relative to normoxic samples was calculated using the 2 Ϫ⌬⌬Ct method.
Immunostaining
The following cellular markers were analyzed using monoclonal and polyclonal antibodies (MAbs and PAbs, respectively): leukocytic antigens: CD45, CD11b, CD3, OX62, CD45RA, and granulocytes, clone RK-4 (MAbs; Chemicon, Temecula, CA, and Cedarlane Laboratories, Burlington, NC); markers of fibrosis: cellular (ED-A isoform) fibronectin (ED-A-FN MAbs; AbD Serotec, Raleigh, NC), procollagen-associated heat shock protein HSP-47 (MAbs), and tenascin-C (rabbit PAb) (both from EMD Chemicals, San Diego, CA); adhesion molecules: VCAM-1 (goat PAb; Santa Cruz Biotechnology, Santa Cruz, CA); active transforming growth factor-␤ 1 (TGF-␤1; chicken PAb; R&D Systems, Minneapolis, MN); CXCL12/stromal cell-derived factor-1 (SDF-1; rabbit PAb; PeproTech EC, London, United Kingdom); VEGF (EMD Chemicals); and osteopontin (OPN; MAb clone MPIIIB101; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA). Appropriate secondary antibodies were used as previously described (13) , and staining was examined under a Zeiss fluorescent microscope with an AxioVision digital imaging system (Carl Zeiss MicroImaging, Thornwood, NY).
Quantification of CD11bϩ Stained Leukocytes
Lung cryosections were immunostained with the leukocytic cell marker CD11b. The number of CD11bϩ cells in the PA wall (CD11bϩ cell index) was assessed per unit volume (10-m radial distance from the external elastic lamina by 500-m perimeter length).
Statistical Analysis
The relative expression values were calculated using the average of all normoxic values and were log (base 10) transformed. Descriptive statistics were calculated using means and standard errors. Onesample t-tests were performed on the average log-transformed relative expression values at each time point. P values Ͻ0.05 were considered to be significant. All analyses were performed using SAS version 9.2 software (SAS Institute, Cary, NC). The mean values for the 28-day hypoxic and the 2-day regression group were compared using a two-sample t-test.
RESULTS
Pilot Data: Microarray Analysis of Inflammatory Gene Expression in the Hypoxic Whole Lung
As a starting point, we wanted to determine inflammatory genes that were upregulated by hypoxia in whole lung tissue at early and late time points. We believed these data, when combined with data from others regarding the molecules involved in generating and maintaining chronic inflammation in a variety of tissues, including systemic blood vessels, would guide the choice of genes to be examined in LCM-generated PA and parenchymal lung tissue. Of the 31,000 probe sets on the Affymetrix Rat 230.2 chip, 21,992 were detected in 3-day and 22,312 in 21-day samples. Genes absent from all samples were removed from analysis. When filtered for fold change with a cutoff of Ն1.5, 3,368 genes from 3-day and 1,584 genes from 21-day were increased in hypoxic compared with normoxic lungs. Genes with Gene Ontology (GO) annotation keyword (inflammation and matrix) were searched in the upregulated gene list and are represented in Supplemental Tables  S1 and S2 (available in the 
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created. Some of the genes identified, including CXCL12, CCL2, OPN, IL-6, IL-1, and bone morphogenetic protein (BMP)-2 have been implicated in vascular remodeling. Other genes implicated in chronic vascular inflammation, such as VCAM and ICAM, were notably absent. This information thus provided a guide for our LCM studies and also supported our notion that specific analysis of PA tissue would be necessary to begin to explain the factors involved in initiating and maintaining pulmonary vascular inflammation.
Hypoxia Induces a Progressive Accumulation of Monocytes and Dendritic Cells in the PA Wall
To examine the time course of inflammatory cell appearance in and around the PA, we exposed animals to chronic hypoxia (1-28 days) and performed immunofluorescent staining on lung cryosections for the panleukocytic marker, CD45 (data not shown), CD11b (monocytes and lymphocytes), Alexa 594 (neutrophils), CD3 (T cells), CD45RA (B cells), and OX62 (dendritic cells). In normoxic and 1-day-exposed hypoxic animals, there were few positively stained CD45 and CD11b cells in the adventitia ( Fig. 1A ; CD45 and CD11b 1-day not shown). However, in 7-and 28-day hypoxic animals, we found a progressive accumulation of CD11b and CD45ϩ cells in the PA, which correlated with an increase in the thickness of the PA adventitia (Fig. 1, B-D) . At none of the time points evaluated were neutrophils (Alexa 594ϩ cells) observed in the vessel wall, although an increased number of neutrophils were often observed in the lung interstitium (Fig. 2B shows the 28-day time point). We did not observe significant accumulation of T (CD3) or B (CD45RA) cells in the vessel wall at 1, 7, or 28 days (Fig. 2, D and F, 28-day data shown). We did observe an increase in the appearance of OX62ϩ cells (dendritic cells) in the periadventitial region of vessels from chronically hypoxic animals on days 7 and 28 (Fig. 2H, day 28 shown).
Hypoxia Induces a Time-Dependent, Complex Proinflammatory Microenvironment in the PA Wall
To begin to determine the factors involved in the recruitment, expansion, and retention of what appear to be principally mononuclear and dendritic cells in the vessel wall, we selectively isolated intralobar PAs by LCM from control and hypoxic animals and performed RT-PCR analysis of PA-derived mRNA. We found that chronic hypoxia induced upregulation of gene expression of a wide spectrum of proinflammatory mediators, including chemokines and their receptors, cytokines, growth and differentiation factors, and adhesion and fibrosis-associated molecules ( Table 2) .
Chemokines/chemokine receptors. Sustained hypoxia induced the expression of numerous proinflammatory chemokines [including CXCL12/SDF-1, CCL2/monocyte chemoattractant protein-1 (MCP-1), IL-6, and C5] and their respective receptors (CXCR4, CCR2, IL-6R, and C5R1) ( Table 2 ; Fig. 3 ). Certain variability in gene expression was observed between individual animals, consistent with nearly all other reports using LCM/RT-PCR (14, 19, 29, 35, 60, 61) . Importantly, gene expression for some chemokines [CXCL12/SDF-1, CXCL1/ growth-related oncogene protein-␣ (GRO-␣), and C5] and their receptors (CXCR4, CXCR2, and C5R1) were upregulated early (1 day) and remained elevated at later time points, whereas other genes [IL-6, CCL2/MCP-1, CCL4/macrophage inflammatory protein-1␤ (MIP-1␤), and IL-1␤] and their receptors (IL-6R, CCR2, and CCR5) were only upregulated at later time points (Table 2) . Upregulation of chemokines/cytokines at 1 day preceded any noticeable increases in perivascular leukocyte/monocyte accumulation (Fig. 1) . We confirmed Fig. 1 . Hypoxia induces a progressive accumulation of leukocytic cells expressing CD11b in the rat pulmonary artery (PA) adventitia. Cryosections of PAs from normoxic (A), 7-day hypoxic (B), and 28-day hypoxic (C) rats were stained with antibodies against CD11b (red) and cell nuclei [4Ј,6Ј-diamidino-2-phenylindole (DAPI), blue]. Scale bar is 100 m; all pictures were taken at ϫ10 magnification. D: quantification of the number of leukocytic cells expressing CD11b (CD11bϩ cell index) in the rat PA over time. One-day hypoxic rats show no difference in the number of CD11bϩ cells compared with controls, whereas 7-and 28-day hypoxic show a progressive increase in the number of CD11bϩ cells. In addition, leukocytic cells are found further away from the external elastic lamina in the 7-and 28-day hypoxic rats due to the increased thickness of the adventitia.
hypoxia-induced increases of CXCL12/SDF-1 expression by immunostaining (Fig. 5A) .
Adhesion molecules. Increases in the gene expression of several adhesion molecules (ICAM-1, OPN, and VCAM-1) within the PA wall were noted at different time points of hypoxic exposure (Table 2 ; Fig. 4A ). ICAM-1 demonstrated an early (1 day) increase that was also observed at 28 days of hypoxia (Table 2) . OPN, an inflammation-associated secreted adhesive molecule (46) , was upregulated early and remained persistently elevated throughout the hypoxic exposure (Table  2 ; Fig. 4 ). Immunostaining demonstrated increased OPN protein accumulation throughout the vessel wall, especially in the perivascular/adventitial regions (Fig. 5) . VCAM-1 mRNA expression was upregulated early and remained elevated at 28 days. VCAM-1 upregulation in the hypoxic PA wall was also confirmed by immunostaining (Fig. 5) .
Growth and differentiation factors. Early (1 day) and persistent increases in mRNA expression of TGF-␤ 1 , 5-lipoxygenase (5-LO), 5-LO activating protein (FLAP), endothelin-1 (ET-1), VEGF-A, and PDGF-A and the receptors fms-like tyrosine kinase-1 (Flt-1), fetal liver kinase-1 (Flk-1), and PDGF-RA were observed in hypoxic PA wall (Table 2 ; Fig. 4 ). Of these, TGF-␤ 1 and 5-LO demonstrated the most significant increases with time. Upregulation of both TGF-␤ 1 and VEGF-A was confirmed at the protein level by immunostaining (Fig. 5) .
Fibrosis-associated molecules. A number of genes for molecules previously implicated in pulmonary vascular fibrosis [fibronectin, type I procollagen-associated HSP-47, and tissue inhibitor of metalloproteinase (TIMP)-1] demonstrated increased expression at varying time points of hypoxic exposure ( Table 2) . Immunostaining demonstrated striking hypoxiainduced increases in cellular (ED-A isoform) fibronectin and HSP-47 expression at 28 days (Fig. 4, F and G) . However, at the mRNA level, these increases were not statistically significant, underscoring the fact that mRNA expression and protein accumulation are not always directly comparable.
Hypoxia-Induced Inflammation is PA-Specific
To determine if hypoxia-induced upregulation of inflammatory mediators was specific to the PA, we performed RT-PCR analysis on isolated PA tissues, on the adjoining lung parenchyma, and on systemic arteries (aorta and renal artery). Although hypoxia markedly increased expression of chemokines, adhesion molecules, cytokines, and fibrosis-associated molecules in the PA tissue (see Table 2 and Figs. 3 and 4) , expression of the same genes in systemic arteries were downregulated, undetectable, or only minimally increased (Table 3) . In lung parenchyma, we did observe that some genes were upregulated (CCL2/MCP-1, OPN, CXCR4, IL-6R, TGF-␤, HSP-47, and ET-1). Of these, only CCL2 and OPN were found to be upregulated on the Affymetrix arrays (see supplement). Furthermore, only CCL2/MCP-1 and OPN were increased to an extent that was comparable to PA levels ( Table 3) .
Withdrawal of Hypoxic Stimulus Results in Resolution of PA Inflammation and Regression of Vascular Remodeling
On return of chronically (28-day) hypoxic rats to normoxic (room air) conditions for 2 days, immunofluorescent staining showed that the perivascular accumulation of CD11bϩ leukocytes was not detectably different from hypoxic rats. However, Values are means Ϯ SE. Genes were normalized to hypoxanthine-xanthine phosphoribosyl transferase (HPRT), and the log inverse mean fold change Ϯ SE was calculated relative to normoxic animals. *P value between 0.01 and 0.05, †P Ͻ 0.01. -, Missing values due to mRNA levels too low to calculate fold change accurately or undetectable via RT-PCR; PAs, pulmonary arteries.
following 56 days of normoxia, there was no difference in the number of CD11bϩ cells compared with nonhypoxia-exposed controls (Fig. 6) . Perivascular fibrosis, defined by one of its reliable markers, cellular (ED-A isoform) fibronectin (ED-A-FN) , also regressed along the same time course without detectable change at 2 days and near resolution at 56 days (Fig. 6 ). As expected, PA pressure had returned to normal by 56 days of regression (data not shown). Intralobar PAs were isolated via LCM at 2 and 56 days of the regression process and analyzed by RT-PCR. After 2 days of regression, gene expression of several chemokines/chemokine receptors (CXCL12/SDF-1, C5, and CCR5) and other proinflammatory molecules (ICAM-1, TGF-␤ 1 , FLAP, ET-1, ET-RA, VEGF, and TIMP-1) were significantly decreased compared with 28-day hypoxic animals (Table 2; Figs. 3 and 4) . Expression of other genes (including IL-6, IL-6R, IL-1␣, CCL4/MIP-1␤, and C5R) began to decline by 2 days of normoxic reexposure, however, only at 56 days did they approximate age-matched normoxic control levels (Table 2; Figs. 3 and 4) . Exceptions from this list included the adhesion and fibrosis molecules (OPN, VCAM-1, ICAM-1, and TIMP-1) for which mRNA levels initially decreased but then reverted to near hypoxic levels at the 56 days time point (Table 2) .
DISCUSSION
Previous studies have demonstrated that both chronic hypoxic exposure and monocrotaline treatment lead to the appear- ance and persistence of inflammatory/progenitor cells in and around both large and small PAs (13, 44) . However, little is known of the signals that lead to the recruitment and/or retention of these cells within the diseased PA. The present study demonstrated that sustained hypoxia induces upregulation of a wide range of proinflammatory chemokines, cytokines, growth, differentiation, adhesion, and fibrosis-associated molecules within the PA wall, demonstrating the development and persistence of a hypoxia-induced proinflammatory microenvironment in the PA. The study demonstrates conclusively that the inflammatory response is largely specific for the PA and that it is predominately a response that comprises monocytic derived cells (including macrophages and dendritic cells). We found little evidence for a sustained generalized inflammatory response in lung parenchymal tissue and no evidence for an inflammatory response in the aorta or renal arteries at the time points studied. Furthermore, it showed that upregulation of many chemokines, receptors, adhesion molecules, and signaling pathways (including CXCL12/SDF-1, CXCR4, VCAM-1, ICAM-1, TGF-␤, and 5-LO) preceded the influx of inflammatory cells and induction of perivascular fibrosis. With time, the PA inflammatory microenvironment became more complex with the sustained expression of early expressed chemokines, cytokines, and adhesion molecules and the later appearance of others for which expression was consistent with the increasing and persistent presence of monocytes/macrophages, fibrocytes, and dendritic cells in and around the vessel wall. On removal of the hypoxic stimulus, expression of certain chemokines, chemokine receptors, and adhesion molecules rapidly returned to control levels, findings that preceded the disappearance of inflammatory cells and that were then followed by a reversal of vascular remodeling and PH. We conclude that the development of a complex proinflammatory microenvironment, stimulated by chronic hypoxic exposure, in the PA wall itself is essential for recruitment and retention of Fig. 5 . Chronic hypoxia induces a proinflammatory and profibrotic microenvironment in rat PAs. Lung sections from normoxic (lowercase letters) and 28-day hypoxic (uppercase letters) rats were stained with antibodies against CXCL12/SDF-1 (a/A; red), osteopontin (b/B; red), VCAM-1 (c/C; red), TGF-␤1 (d/D; green), VEGF (e/E; brown), heat shock protein HSP-47 (f/F; green), cellular (ED-A isoform) fibronectin (ED-A-FN; g/G; green) and cell nuclei (DAPI, blue). Scale bar is 100 m; all pictures were taken at ϫ10 magnification.
circulating inflammatory cells and, ultimately, the development of pulmonary vascular fibrosis and vascular remodeling.
Since it is becoming increasingly clear that whole lung tissue may not accurately reflect specific changes in gene and protein expression in the vessel wall (2, 11, 12, 14, 33, 35, 42, 53, 63) , we used LCM to more accurately evaluate PA-specific changes in the mRNA expression of a wide variety of inflammationrelated changes during the development of hypoxic PH. Our data demonstrate that hypoxia-induced upregulation of cytokine/chemokine gene expression was largely specific to the PA. For instance, we found that although hypoxia induced upregulation of many genes in the whole lung, this analysis only correctly predicted the vascular upregulation of OPN, CXCL12, CCL2, and IL-6. Important molecules not found to be upregulated in the whole lung array but specifically upregulated at the RNA and/or protein levels were VCAM-1, ICAM, VEGF, ET, CXCR4, CCR2, TGF-␤, 5-LO, and FLAP. The findings are thus consistent with and extend the concept proposed by others that whole organ tissue does not provide an accurate assessment of vascular-specific changes (2, 11, 14, 33, 35, 42, 53, 63) . Furthermore, whereas other studies in humans and animal models of PH have used LCM to demonstrate PA-specific changes in expression of a single specific cytokine or growth factor of interest (26, 33, 35) , the present study analyzed a wide panel of genes, providing a comprehensive analysis of the many changes in inflammatory gene expression that occur during development of hypoxic PH and that based on data in other chronic inflammatory diseases are all involved Values are log inverse mean fold changes Ϯ SE for PA (n ϭ 10) and parenchyma (n ϭ 4). Results are pooled from n ϭ 4 animals for aortic arch samples. Renal artery samples showed similar gene expression as the aortic arch (data not shown). -, Missing values due to mRNA levels too low to calculate fold change accurately or undetectable via RT-PCR. in the persistence of inflammation and subsequent vascular fibrosis.
Our (13) previous work demonstrated that chronic hypoxia led to a robust and persistent accumulation of circulating leukocytes around the PA. The present study documents that the inflammatory cells accumulating within and around the vessel wall are largely of monocyte origin. The current data thus shed light on the potential cell and molecular mechanisms used for recruitment and retention of these subsets of inflammatory cells in the PA wall. A predominant mononuclear infiltrate has also been reported in the commonly used monocrotaline model of PH (34, 44) . Furthermore, in the developing circulation, it has been reported that in the setting of congenital heart disease-associated PH, the presence of high numbers of macrophages/monocytes relative to lymphocytes in the vessel wall correlates with the severity of PH (38) . Similarly, it has been shown that PH is more severe in athymic rats lacking lymphocytes (51) . In addition, we (13) previously reported that comprised within the monocytic cell population are mesenchymal precursors including fibrocytes. Furthermore, it is known that newly appearing dendritic cells are derived from a monocytic cell subset(s). It is thus clear that the chemokine and cytokine profiles we describe in the vessel wall support recruitment, retention, and likely proliferation and differentiation of monocytes, dendritic cells, and fibrocytes.
We observed that the induction of specific inflammatory genes in the vessel wall is time dependent. Upregulation of factors such as VEGF, CXCL12/SDF-1, OPN, and 5-LO preceded any noticeable accumulation of monocytes in the PA adventitia, whereas other genes, including IL-6 and IL-6R, did not increase apparently until after the appearance of increased numbers of monocytes and dendritic cells in the vessel. In general, we found that as hypoxic PH progressed, as evident by an increasing number of monocytic and dendritic cells and increasing expression of extracellular matrix molecules, both the complexity and magnitude of cytokine gene expression increased. Our findings regarding the early expression of VEGF, as well as of the chemokines CCL2/MCP-1 and CXCL12/SDF-1 and their cognate receptors, CCR2 and CXCR4, are consistent with the expression pattern observed in systemic vessels following angioplasty in the porcine coronary arteries, where a rapid perivascular accumulation of leukocytes is also observed (25) . Our findings regarding CXCL12/SDF-1 in this hypoxic model of PH are supported by studies where CXCL12/SDF-1 expression was observed early in ischemic sites, and its expression was directly correlated with the amplitude of hypoxia (3). We also observed early upregulation of VEGF, which has been demonstrated by others to regulate CXCL12/SDF-1 expression and to play a role in the recruitment and retention of inflammatory and progenitor cells (17) . Induction of VEGF and CXCL12/SDF-1 by hypoxia may thus provide an effective means of recruitment and retention of circulating cells into the site of injury (8, 17, 36, 58) . We also observed that the expression patterns of chemokine receptors CCR2 and CXCR4 paralleled the local expression patterns of their respective ligands CCL2/MCP-1 and CXCL12/SDF-1. In support of this observation are previous studies showing that maximal mRNA levels of CCR2 and CXCR4 coincided with peaks of CCL2/MCP-1 and CXCL12/SDF-1 in perivascular tissue following balloon injury in porcine arteries (25) .
The persistence of inflammatory cells in pulmonary adventitia and perivascular spaces observed under sustained hypoxic exposure requires upregulation of specific molecules capable of retaining circulating cells in the local microenvironment. We documented increases in VCAM-1 and ICAM-1 mRNA and protein in the vessel wall, similar to reports in chronically inflamed tissues and in the tumor vasculature (15, 30, 39) . Hypoxia and CXCL12/SDF-1 are known to increase VCAM-1 and integrin expression, and both CXCL12/SDF-1 and VCAM-1 have been shown to be crucial in mediating incorporation of monocytes and progenitor cells into ischemic tissues (52, 55, 62) . We also observed early and persistent increases in OPN expression. OPN acts both as a matricellular protein, thereby facilitating adhesion and migration, as well as a soluble cytokine (46, 57) . OPN has been shown to induce adhesion, migration, and survival of several cell types including smooth muscle cells and inflammatory cells including monocytes. Importantly, it has been suggested to regulate monocyte/macrophage infiltration during the inflammatory response (7, 46, 57) . Besides regulating the acute phase of the inflammatory reaction, OPN appears particularly important in promoting retention of macrophages at sites of chronic inflammation based on numerous studies in OPN Ϫ/Ϫ mice (46) . Thus the present study has identified upregulation of several proteins that could be involved in the prolonged retention of inflammatory cells both in and around the PAs under chronic hypoxic conditions. Importantly, immunohistochemistry demonstrates upregulation of these proteins by cells residing in the adventitia, i.e., most likely fibroblasts. The upregulation of potent adhesive and chemokinetic molecules by adventitial cells would begin to explain the chronic adventitial/perivascular accumulation of inflammatory cells observed in all models of PH and in humans as well.
PH is characterized by increased numbers of collagenproducing fibroblasts and ␣-smooth muscle actin-expressing myofibroblasts in the vessel wall. In the present study, we examined the expression patterns of factors known to induce fibrocyte and fibroblast differentiation, such as TGF-␤ 1 and ET-1 (22, 40) . We found significant increases in TGF-␤ 1 mRNA in the PA and confirmed vessel-specific localization of active TGF-␤ 1 by immunostaining. These observations are consistent with other reports demonstrating that TGF-␤ 1 signaling pathway plays a causative role in hypoxic PH (4, 27) . We also observed marked increase in BMP-2 expression. This is potentially interesting because BMPs have been shown to regulate OPN expression and also to exert promigratory and angiogenic effects on smooth muscle cells and endothelial cells, respectively (10, 57) . Increases in ET-1 and ET receptor mRNA expression were also observed. ET-1 has been demonstrated to stimulate fibrocyte-fibroblast differentiation (40) . Increases in mRNA expression levels of ET-1 and its receptors, ET A and ET B , were observed in a PA-specific manner. We also observed marked upregulation of both 5-LO and FLAP mRNA in the PA wall. This is important not only because of the potent inflammatory effects promoted by the leukotrienes, but also because recent reports propose leukotrienes as potent stimulators of fibrocyte proliferation (56) . In addition, we documented increases in PDGF-A and -B and PDGF-Ra and -Rb mRNA in PA tissue from the chronically hypoxic animals. The magnitude of the changes reported here is consistent with that observed in LCM-derived human pulmonary arterial tissue from patients with PH (35) . The milieu of growth factors within the PA wall are capable of contributing to local cell proliferation and differentiation as well as contributing to the proliferation and differentiation of monocyte-derived progenitor cells.
IL-6 has been implicated in the pulmonary hypertensive process by a number of studies that demonstrate elevated IL-6 levels in plasma or whole lung tissue (24, 25, 35, 59) . Interestingly, we did not observe significant elevation in IL-6 mRNA in PA tissue until late in the course of hypoxia-induced PH. Similarly, increases in IL-6 expression in whole lung tissue were only observed at 21 days of exposure. In the majority of studies regarding IL-6 and PH, the time course of its appearance has not been reported, and whole lung tissue has been used to evaluate its presence. Our findings would suggest its role in hypoxic-induced PH and remodeling to occur at later stages, potentially following the activation of resident cells and their subsequent interactions with recruited monocytes. The persistence of inflammatory cells in the perivascular spaces could promote continued cytokine-induced activation of resident PA cells and promote further inflammatory and angiogenic responses (17, 31) . Furthermore, although increases in RANTES and fractalkine expression have been noted in other models of PH and in humans with idiopathic pulmonary arterial hypertension, we did not find upregulation of these factors in the model, which is characterized by robust monocyte/macrophage accumulation (9, 33) . These results raise the possibility that the mechanisms controlling initiation and persistence of inflammatory responses in different pulmonary vasculopathies may be species-and/or stimulus-specific and/or be mediated through different cytokine or chemokine signaling pathways.
To further our search for potential factors regulating retention of leukocytes in the vessel wall, we analyzed the spontaneous regression of PH on removal of the hypoxic stimulus. We observed a rapid and often dramatic decline in the mRNA expression of certain inflammatory cytokines that preceded the decline in the number of inflammatory cells, in PA pressure, and in structural remodeling (as defined by extracellular matrix protein expression) on removal from hypoxia. Intriguingly, many of the factors that were induced in the first 24 h of hypoxic exposure, including C5, CXCL12/SDF-1, ICAM-1, TGF-␤, and VEGF-A, were also the first to demonstrate significant declines after withdrawal of hypoxic stimulus. Collectively, both the onset and regression data provide potential insights into the molecular mechanisms controlling the recruitment and retention of circulating leukocytes in the PA wall.
In conclusion, we report that sustained hypoxia promotes the development of a PA-specific, proinflammatory microenvironment via time-dependent upregulation of a number of inflammatory mediators and related molecules. This microenvironment is conducive to recruitment and retention of monocytes/ fibrocytes and to their differentiation into collagen-producing, ␣-smooth muscle actin-expressing myofibroblasts. The complexity of this environment would suggest that therapies targeting a single mediator may not be sufficient to cause regression of vascular remodeling and PH. A better understanding of the transcription factors controlling this complex inflammatory network may lead to therapies aimed at disruption of the persistent inflammatory state and thus vascular remodeling.
